Ti-Ni alloy is a promising material in the medical and dental fields due to its special mechanical properties, especially super-elasticity. Since dental prostheses are generally used under repetitive stress condition, fatigue properties of Ti-Ni alloy castings were investigated in this study. Ti-50.85Ni (mol%) alloy ingots were used for casting, which exhibited super-elasticity at 310 K in tensile test. Specimens were prepared with a centrifugal casting machine and a magnesia-based mold material. Fatigue test was performed at 310 K under repetitive loading condition with sine-waved load. The minimum stress was set at 0 MPa to evaluate the fatigue properties and change in residual strain. The maximum stress was set in the appropriate range considering the tensile property. Ultimate tensile strength and elongation to fracture of Ti-Ni alloy castings were 732 MPa and 10.6%, respectively, which were between those of CP-Ti and Ti-6Al-4V alloy castings. The fatigue limit of Ti-Ni alloy casting (206 MPa) was equivalent to or higher than that of CP-Ti or Ti-6Al-4V alloy. There was linear correlation between the fatigue ratios to ultimate tensile strength and the elongation to fracture for Ti-Ni alloy, CP-Ti and Ti-6Al-4V alloy castings, while Ti-Ni alloy showed high fatigue ratio to proof stress, which appears to relate to the twin deformation by stress-induced martensitic transformation. The stress-strain properties of TiNi alloy castings were evaluated to be stable, and it is possible to utilize the super-elasticity in cast dental prostheses.
Introduction
Shape memory effect has been found in more than ten alloy systems, 1) in which Ti-Ni alloy and Cu-based alloy [2] [3] [4] are practically used. In particular, Ti-Ni alloy shows excellent mechanical properties and corrosion resistance. 1, 5) Ternary alloy systems have been developed for the former, 6, 7) and Cu-Al-Mn-based alloy was developed for the latter. 8) Although cold-working of Ti-Ni alloy is difficult compared with usual alloys like steels, Cu alloys or Al alloys, several working processes have been developed to fabricate thin plate of Ti-Ni alloy. On the other hand, sputter-deposited thin films of Ti-Ni alloy showed superior shape memory effect, 9, 10) and Ti-Ni thin sheets were fabricated by means of melt-spinning technique [11] [12] [13] and multilayers of Ti/Ni ultrafine laminates. 14) These thin sheets are expected to be useful especially for microactuators. [15] [16] [17] Since Ti-Ni alloy shows good corrosion resistance and biocompatibility 18, 19) in addition to the special mechanical properties, it is the only practical metallic biomaterial with shape memory effect and super-elasticity. However, there is a possibility of adverse effect since the alloy includes about 50 mol% Ni, which is known as an allergic element. 20) In order to avoid this problem by Ni, two kinds of trials has been performed. One is to improve the corrosion resistance by surface treatment, and the other is to develop new alloys composed of the element without adverse effect. To reduce the ion release from Ti-Ni alloy, researches have been reported on the surface coating with TiN, 21) thick oxide film on the alloy surface by anodic oxidation or oxide implantation, 22) etc. On the other hand, it was also reported on the titanium-based shape memory or super-elastic alloys without harmful elements, such as Ti-Nb based alloys 23, 24) and TiMo based alloys. 25) It was reported that Ti-Ni alloy also showed high damping capacity, 26) shock absorptive characteristics 27) and good wear resistance. Therefore, it has been tried to apply to bone fixaters 28) and artificial hip joints. 29) In other Ti alloys, although Ti-6Al-4V alloy has been widely used as the titanium alloy for surgical implants, mechanically interfacial problems were pointed out due to the difference in mechanical properties, especially in the elastic modulus, between the implanted materials and the surrounding tissues. 30) Consequently, beta type titanium alloys with low elastic modulus as well as high strength have been recently designed and developed for biomedical use. [31] [32] [33] On the other hand, mechanically functional properties like super-elasticity of metallic materials are utilized in dental devices. Ti-Ni alloy shows low elastic modulus, 5) and the small continuous force delivered in the process of shape recovery is ideal for orthodontic arch wires, 34, 35) while the flexibility to trace curved root canals is utilized in endodontic files. 36) For orthodontic arch wires, the force applied to the teeth should be in the range suitable for tooth movement not to damage the surrounding tissues during the tooth movement. 37) In other words, the amount of stress should be low, and the stress change should be also small in wide strain range. With use of conventional materials for orthodontic wires, stainless steel and Co-Cr alloy, the wire should be bent in the shape of coil or loop to adjust the delivered force. However, this wire shaping becomes unnecessary with use of super-elastic Ti-Ni alloy, and a simple, hygienic and esthetic method was developed for orthodontic treatment. In addition, the force range for tooth movement was controllable by heat treatments, 37, 38) and the force became stable by decreasing the stress hysteresis between martensitic and reverse transformation processes. 39) Super-elasticity of Ti-Ni alloy is also expected to be useful for dental prostheses, especially the retainers of dentures, such as clasps and bars. Repetitive stress is applied to the retainers at the setting and removal of dentures, which often causes the decrease in retention force. Large shape recovery range in strain and stable stress range of super-elastic Ti-Ni alloy were expected to be useful for the denture retainers with less stress to the abutment teeth and good esthetic appearance. 40) It can be possible to improve the design and the reliability of denture retainers by applying the super-elastic Ti-Ni alloy. Most of dental prostheses are made by precision casting method, which was established as the major fabrication process for dental prostheses. Recently dental casting systems and technology for titanium alloys have been developed and used clinically. [41] [42] [43] It was reported that TiNi alloy casting showed super-elasticity in the tensile test at 310 K. 44) Therefore, the special properties of Ti-Ni alloy are possible to be applied to dental prostheses by precision casting.
On the other hand, since dental prostheses are used under repetitive stress condition, fatigue property is an important factor to utilize Ti-Ni alloy for dental prostheses. Moreover, the change in strain under repetitive stress condition is also an important factor in relation to the mechanically functional property of retention force. Fatigue properties of dental casting alloys were reported on silver-palladium-cuppergold-zinc type alloy, 45) Co-Cr alloy, 46) CP-Ti, 46, 47) Ti-6Al-4V and Ti-6Al-7Nb alloys.
48) The effect of thermochemical processing on the fatigue properties of Ti-6Al-7Nb alloy was also reported. 49, 50) With respect to Ti-Ni alloy, fatigue properties of machined specimens with alternating stress, 51) tension-unload or tension-tension mode, 52, 53) and rotating bending fatigue property of wire specimens 54) were reported. It was pointed out that not only the structural fatigue but also the functional fatigue were important to evaluate the fatigue properties of Ti-Ni alloy. 55, 56) However, the fatigue properties of Ti-Ni alloy castings have not been reported. It is possible that Ti-Ni alloy shows unusual behavior due to the stress-induced martensitic transformation, 52, 57) and the fatigue properties of Ti-Ni alloy castings are important factor for the clinical application. Therefore, the fatigue properties and the strain change through cyclic stress of super-elastic Ti-Ni alloy castings were investigated for dental application in this study.
Materials and Methods

Specimen preparation
Ti-50.85Ni (mol%) alloy ingots (NT-E4, Furukawa Electric, Japan) were used for casting, which exhibited super-elasticity at 310 K in tensile test. 58) Wax patterns were invested with a magnesia-based mold material (Selevest-CB, Selec, Japan) to make the molds for casting. The dimension of the pattern was dumbbell-shaped, 3.0 mm in diameter and 18 mm in length at the parallel part, and 6.0 mm in diameter and 10 mm in length at the grip part following ISO 6871. The specimen surface of the parallel part was polished with #600 emery paper, and the surface reacted layer was removed.
Specimens were cast with an argon-arc centrifugal casting machine (Ticast Super-R, Selec, Japan). The specimens were water-quenched and sandblasted. The specimens with same configurations were used for both tensile and fatigue tests.
Microstructural observation
The cross-sectional surface of the specimens for microstructural observation was mirror-polished and etched in HF:HNO 3 :H 2 O in the ratio of 3:15:32. The microstructures were observed with an optical microscope.
Tensile test
Tensile test was carried out in air at 310 K with a universal testing machine (AG-2000B, Shimadzu, Japan) and a strain meter (DVE-200, Shimadzu, Japan), 15 mm in gauge length, at a crosshead speed of 1:67 Â 10 À2 mm s À1 . In order to evaluate both of the residual strain and total elongation to fracture for the same specimen, the stress condition applied was: After the specimens were stressed up to 3.0% strain, the stress was removed at the same speed. Then, the specimens were stressed again to fracture. Five specimens were prepared to obtain the tensile properties.
Fatigue test
The same dumbbell-shaped specimens as the ones for the tensile test were used. Fatigue test was performed in air at 310 K with a servo-hydraulic testing machine (Servopulser EHF-FB1, Shimadzu, Japan). The specimens were subjected to the repetitive loading condition at the maximum frequency of 10 Hz in tension-unload mode with sine-waved load (stress ratio of R ¼ 0). The minimum stress ( min ) was set at 0 MPa to evaluate the change in residual strain. The maximum stress ( max ) was set in the appropriate range considering the tensile property. The frequency was set at 1 Hz at the initial stage, then increased to 10 Hz at 1000 cycles, when the steady state of stress-strain relation was confirmed. Strain of Ti-Ni alloy was reported to become stable at the cycle of approximately 200.
59) The strain during the fatigue test was detected with the displacement at the actuator assuming that only the parallel part of the specimen deformed.
Fatigue life (N f ) was defined as the cycles (N) of the specimen fracture. The number of maximum cycles for this fatigue test was set at N ¼ 10 7 cycles, when the test was stopped. Fatigue limit ( w ) was determined based on the max at which the specimen did not fracture at high cycles based on the standard of JSME S002 on stair-case method.
60) The fatigue data were collected with all specimens including the ones with casting defects to evaluate practical fatigue properties. The data of load and displacement were collected at fixed cycles to evaluate the stress-strain relation through the cyclic loading condition. The fatigue-fractured surfaces after the tests were observed with use of a scanning electron microscope (SEM) at an accelerating voltage of 15 kV.
Results
Microstructure
The microstructure of the cross-section of Ti-Ni alloy castings is shown in Fig. 1(a) . The microstructures at the marginal part and the central part are shown with high magnification in Figs. 1(b) and (c), respectively. Compared with the marginal and central parts of the specimen, there was no difference on the grain size, which was about 50 mm. It was also confirmed that the surface reacted layer was removed by polishing. Round casting defects were observed as shown in Fig. 1(b) .
Tensile properties
A typical stress-strain diagram and the tensile properties of the Ti-Ni alloy castings are shown in Fig. 2 and Table 1 . The parameters of B , 0:2 and " T indicate ultimate tensile strength, 0.2% apparent proof stress, and elongation to fracture, respectively. The apparent proof stress of Ti-Ni alloy is considerably lower than those of the other metals without super-elasticity because of the apparent yielding due to the stress-induced martensitic transformation. The stress on Ti-Ni alloy specimens increased above the apparent proof stress.
Fatigue strength
Maximum stress-fatigue life (S-N) diagram of the Ti-Ni alloy castings is shown in Fig. 3, in which 1557 was no difference between the fatigue lives of the specimens with casting defects and those without casting defects. The diagram shows a bend around 6 Â 10 5 cycles, and the fatigue limit for the Ti-Ni alloy casting was calculated to be 206 MPa. The initial slope of the S-N diagram was fitted to the data for the specimens at the low cycle fatigue life region where max ¼ 400 MPa.
Fracture surface
Figures 4 and 5 show the scanning electron micrographs of the fracture surface without and with casting defects of Ti-Ni alloy castings, respectively. Fatigue crack of the specimens was mainly initiated from the surface or the small casting defect near the surface as shown in Fig. 4(b) and Fig. 5(b) , and the fan-shaped crack propagation was observed at the low magnification scanning electron micrographs. In the stable crack propagation area, clear striations were observed as in Fig. 4(c) and Fig. 5(c) . At the final failure region, elongated dimples were observed as shown in Fig. 4(d) and Fig. 5(d) . Figure 6 shows the changes in the maximum (" max ) and minimum strain (" min ) for Ti-50.85Ni (mol%) alloy castings with each maximum stress levels. " max decreased rapidly, while " min increased in early cycles for the condition of max ¼ 400 MPa as shown in Fig. 6 . After the cycle exceeds around 50 cycles, stress-strain relation became stable, and the strain was nearly constant. Figure 7 shows the changes in the strain amplitude (" amp ), which is defined as the one half of the range of strain (Á", the difference between " max and " min ). Figures 8 and 9 show the cyclic stress-strain diagrams of Ti-Ni alloy castings under the high and low stress condition, respectively. The ratios of max to B and 0:2 are shown in the figures. The stress hysteresis between the loading and the unloading processes is larger in early cycles than in the steady strain state for late cycles as shown in Fig. 8 when max was higher than 0:2 . On the other hand, the stress hysteresis was almost constant throughout the cycles when max was lower than the w as shown in Fig. 9 . With respect to the residual strain after the stress removal, " min increased with the increase in N in early cycles and became constant afterwards until fracture in the case of max ¼ 400 MPa. On the other hand, " min was nearly constant throughout the cycles when max ¼ 199 MPa.
Changes in strain through cyclic stress
Discussion
Microstructures
The thickness of the surface reacted layer for Ti and Ti alloy dental castings was reported to range from 100 to 200 mm, 61, 62) which is one of the important factors of the fatigue strength on crack initiation. In this study, the specimen surface of Ti-Ni alloy castings at the parallel part was polished with emery paper to keep the surface condition smooth. Consequently, the surface reacted layer was removed, which was confirmed by microstructural observation. In the case of clinical application, most part of the surface reacted layer on the casting prostheses is thought to be removed by electropolishing or mechanical polishing. The fatigue strength of the specimens of CP-Ti and Ti-6Al-4V alloy castings in the referential studies 47, 48) were also evaluated with use of polished specimens without surface reacted layer.
It is known that the major two types of casting defects for CP-Ti and Ti alloys are gaseous defect and micro shrinkage cavity. The former shows spherical shape with smooth inner surface, while the latter has the irregular shape. 63) For the specimens in this study, only porosities of gaseous defects was observed as shown in Fig. 1(b) . Gas elements causing gaseous defects are thought to derive from the impurities in the alloy ingots and argon gas in the melting atmosphere. Distribution and volume fraction of casting defects are important factors for the mechanical property. However, it was technically difficult to determine the distribution and volume fraction of casting defects precisely because of the biased and irregular existence of the defects.
Tensile properties
Ti-Ni alloy castings showed an intermediate tensile strength between those of CP-Ti as 458 MPa and Ti-6Al-4V alloy as 976 MPa, reported previously. 48) The elongation to fracture of Ti-Ni alloy castings was higher than that of Ti6Al-4V alloy, 5.1%. 48) Recovered strain, defined as the strain after being unloaded form 3.0% strain, of the Ti-Ni alloy casting was 2.1%, while the elastic strain calculated from the stress-strain diagram was 0.6%. The difference between these strain values is thought to be caused by the super-elastic recovery.
In comparison between the cast and wrought conditions of Ti-Ni alloy specimens, it is suggested that the residual strain of cast specimens were higher than that of wrought ones. It was reported that the characteristics of super-elasticity were influenced by the critical stress for slip which partly depends on the amount of grain boundary in the comparison between single crystal specimen and polycrystalline specimen. 
Fatigue properties
The fatigue life can be basically classified into crack initiation life and crack propagation life.
64) The crack initiation site for Ti-Ni alloy was reported to be inclusions and grain boundaries for wrought specimens. 52) In the case of cast specimens, the fatigue crack is thought to be also initiated at the casting defects near the specimen surface.
Fatigue limit of the Ti-Ni alloy castings was calculated to be 206 MPa, which is higher than those of CP-Ti and Ti-6Al-4V alloy. 47, 48) It is known that the tensile strength of a material has a close relation to the fatigue strength, 65, 66) on the other hand, the elongation to fracture is also correlated with it concerning the crack propagation. 50) Although the tensile strength of Ti-Ni alloy was lower than that of Ti-6Al-4V alloy, the high fatigue strength of Ti-Ni alloy seemed to be caused by the high ductility.
To evaluate the influence of the tensile properties on the fatigue limit, fatigue ratio to ultimate tensile strength, w = B , and fatigue ratio to 0.2% proof stress, w = 0:2 , were calculated and compared with the elongation to fracture. Figure 10 shows the relation between the fatigue ratios and elongation to fracture for Ti-Ni alloy castings compared with Fatigue Property of Super-Elastic Ti-Ni Alloy Dental Castingsthose for CP-Ti and Ti-6Al-4V alloy castings, previously reported. 47, 48) Those values for CP-Ti and Ti-6Al-4V alloy castings were calculated based on the fatigue limits determined by the data on the S-N diagrams with stair-case method. Solid symbols in Fig. 10 represent the fatigue ratios to ultimate tensile strength. These ratios of Ti-Ni alloy, CPTi and Ti-6Al-4V alloy castings were 0.28, 0.44 and 0.19, respectively, and CP-Ti showed the highest value. There was a linear correlation between the fatigue ratio to ultimate tensile strength and elongation to fracture, which would be caused by the crack propagation resistance related to ductility. It was reported that the fatigue ratio was increased by the increase in elongation to fracture of Ti-Ni alloy with heat treatment. 53) Open symbols in Fig. 10 represent the relation between the fatigue ratio to 0.2% proof stress, 0.2% apparent proof stress for Ti-Ni alloy, and the elongation to fracture. The fatigue ratios to proof stress of Ti-Ni alloy, CP-Ti and Ti-6Al-4V alloy castings were 0.60, 0.53 and 0.21, respectively, and TiNi alloy showed the highest value. One of the reasons for this change appears to be the twin deformation in the martensitic phase by the stress-induced martensitic transformation beyond the apparent proof stress. Fatigue cracks of the Ti-Ni alloy castings were mainly initiated at the surface or the small casting defect near the surface from the observation of the fracture surface. The crack initiation behavior of Ti-Ni alloy castings were similar to those of CP-Ti 46) and Ti-6Al-4V alloy 48) castings. The fan-shaped crack propagation was observed, and clear striations were observed in the stable crack propagation area for Ti-Ni alloy, similar to those for CP-Ti 46) and Ti-6Al-4V alloy castings. 48) At the final failure region, elongated dimples were observed due to the ductile fracture mode.
In the specimen for the condition of max ¼ 303 MPa, a large casting defect existed as shown in Fig. 11 . The strains, " max and " min , for this specimen increased gradually around the cycles of 2:00 Â 10 4 (Fig. 6) . The increases in " max and Solid symbols and open symbols represent the fatigue ratios to ultimate tensile strength, w = B and fatigue ratios to 0.2% proof stress, 0.2% apparent proof stress for Ti-Ni alloy, w = 0:2 , respectively. The fatigue ratios were calculated from fatigue limits of CP-Ti and Ti-6Al-4V alloy reported. 47, 48) Fatigue Property of Super-Elastic Ti-Ni Alloy Dental Castings" min were thought to be caused by the necking effect around the large casting defect leading to more plastic deformation. Even if the increases in " max and " min were caused by crack propagation, the large casting defect seemed not to influence the crack initiation life. The fatigue life for this condition located on the slope of S-N diagram in spite of the existence of large casting defect. For the stress condition of max ¼ 400 MPa, higher than 0:2 , " min increased in early cycles up to about 50 cycles (Fig. 6 ). In the stress-strain diagram of Ti-Ni alloy, apparent proof stress indicates the transitional stress of the deformation mode from elastic to twin deformation caused by the stress-induced martensitic transformation. This twin deformation is theoretically recoverable by the reverse transformation of stress-induced martensitic transformation, however, the generation of irregular site that show plastic deformation is inevitable with casting process. Therefore, this irregular site is thought to be the one of the reasons for the minimum strain change in the early stage. The decrease in " max also observed in early cycles, which is thought to be caused by work hardening of the alloy. On the other hand, these changes in strain were not observed for the condition of low max below 0:2 . It was reported that the stress-strain behavior of Ti-Ni alloy became stable by training.
59) The stress-strain behavior of Ti-Ni alloy castings became stable after the strain change in early cycles.
Conclusions
Fatigue properties of Ti-50.85Ni (mol%) alloy dental castings were investigated in a fatigue test at 310 K.
(1) Ti-Ni alloy castings showed an intermediate tensile strength (732 MPa) and elongation to fracture (10.6%) between those of CP-Ti and Ti-6Al-4V alloy castings.
(2) Fatigue limit of Ti-Ni alloy castings was determined to be 206 MPa, which was equivalent to or higher than that of CP-Ti or Ti-6Al-4V alloy. (3) Fatigue cracks of Ti-Ni alloy castings were mainly initiated at the surface or the small casting defect near the surface, and fan-shaped crack propagation and elongated dimples were observed. (4) There was linear correlation between the fatigue ratios to ultimate tensile strength and the elongation to fracture for Ti-Ni alloy, CP-Ti and Ti-6Al-4V alloy castings, while Ti-Ni alloy showed high fatigue ratio to proof stress. (5) The stress-strain properties of Ti-Ni alloy castings were evaluated to be stable, and it is possible to utilize the super-elasticity in cast dental prostheses.
